Nuclei at both the neutron-and proton-drip lines are studied. In the clustercore model, the halo-structure of all the observed and proposed cases of neutronor proton-halos is investigated in terms of simple potential energy surfaces calculated as the sum of binding energies, Coulomb repulsion, nuclear proximity attraction and the centrifugal potential for all the possible cluster+core configurations of a nucleus. The clusters of neutrons and protons are taken to be unbound, with additional Coulomb energy added for proton-clusters. The model predictions agree with the available experimental studies but show some differences with the nucleon separation energy hypothesis, particularly for proton-halo nuclei. Of particular interest are the halo-structures of 11 N and 20 M g. The calculated potential energy surfaces are also useful to identify the new magic numbers and molecular structures in exotic nuclei. In particular, N=6 is a possible new magic number for very neutron-deficient nuclei, but Z=N=2 and Z=8 seem to remain magic even for such nuclei, near the drip line.
Introduction
(to be compared with 6−8 MeV for stable nuclei). The same is found to be nearly true for p-halo nuclei, i.e. 
is the lowest and less than 1 MeV, though the observed number of cases for p-halo are so far only a few. The 2n-halo nucleus is found to possess an additional characteristic property, namely: its isotope with one less neutron (for example, 10 Li for 11 Li) is also unbound [1] . Based on these characteristic properties, the experimentally observed 1n-halo nuclei are 11 Be and 19 C [2, 3, 4, 5] and the 2n-halo nuclei are 6, 8 He, 11 Li, 14 Be and 17 B [6, 7, 8, 9, 10] . Since the existence of a bound di-neutron in the ground-state is not yet observed [11, 12] (a free di-neutron is also unbound by about 70 KeV), apparently,
we are dealing here with two-body (n+core) and three-body (n+n+core) structures, respectively, for the 1n-and 2n-halo nuclei. Table 1 shows that many other cases have been investigated, both theoretically and experimentally [13, 14, 15, 16, 17] , and in some calculations [18] even a 3n-halo structure is predicted (for 26 F ) which means a four-body system. Thus, it is evident that a priori information on the halo-structure of a nucleus is of vital importance for the theoretical treatment of these weakly bound nuclei as two-, three-or more-body problems [19] . Similar remarks apply to proton-halo nuclei, where 1p-halo structures are established for 8 B [20, 21] and 17 F [22] and the 2p-halo for only 17 Ne [22] . For 11 N, the experiments seem to indicate a 1p-halo structure [23] , but in the following we find that this nucleus could be another case of a 4-body system (a 3p-halo structure). Table 2 shows many other experimental or theoretical possible cases [24, 25, 26] , which includes even a possibility of the tetra-proton cluster surrounding the 16 O core proposed for 20 Mg [27] .
The direct experimental information on the halo-structures of nuclei come from the Coulomb breakup studies or the nuclear dissociation mechanism (Coulomb dissociation of projectile in the presence of heavy targets) [4, 5, 9, 28] . The breakup process could either be a "direct process" or occur via a low energy (soft) dipole mode (a giant resonance phenomenon) between the core and skin-or halo-nucleons [29, 30] , in addition to the normal dipole resonance where the neutron and proton cores are separated. However, the Coulomb dissociation experiments [31, 32] seem to rule out the possibility of a soft dipole resonance and suggest that the breakup of halo nuclei is a "direct breakup" process. But, in a very recent charge exchange reaction 6 
Li(
7 Li, 7 Be) 6 He
[33], a resonance is observed whose excitation energy, width and cross section seem consistent with those expected for a soft dipole resonance in 6 He. On the other hand, the measured cross sections of an earlier charge changing reaction for 8,9,11 Li on C target strongly suggest that 11 Li is a three-body system with 9 Li as core and the two neutrons orbiting around it [34] . These results further strengthen the picture where the halo neutrons in, for example, 11 Li are taken to exist as unbound, rather than bound in a di-neutron. In other words, instead of a resonant state, an excited state of nonzero width is formed which has important consequences for the structure studies of neutron-rich nuclei [35, 36, 37] .
In this paper, we dwell on the question of how to characterize, a priori, a nucleus as a halo-nucleus i.e. find the halo-structure of a nucleus. We discuss here a simple theoretical method of potential energy surfaces (PES), the cluster-core model (CCM), given recently by some of us [38, 39] for neutron-rich light nuclei. This was refereed to as (neutron) cluster-core model. We find that the method works equally well for proton-rich light nuclei, provided the Coulomb energy of protons in proton-clusters is added. This is now given the name (nucleon) cluster-core model; in short the CCM.
Also, the new cases of possible neutron-halo are studied. It may be mentioned that this is the only known theoretical method for identifying the halo-structure of a n-or p-rich light nucleus, other than the hypothesis of (neutron or proton) separation energy described in the second paragraph above.
The (nucleon) cluster-core model (CCM) is described in section 2, with the results of our calculations for both the n-and p-halo nuclei presented in section 3. The possibility of identifying the newly arisen magic numbers in exotic nuclei, within the same cluster-core model, is also discussed in this section. A summary of our results is given in section 4.
2 The (nucleon) cluster-core model (CCM) As already stated above, the CCM was first given [38, 39] for the neutron-clusters, and is now extended to proton-clusters also. Note that the cluster is now a general term, used not only for α-particle and heavier nuclei but also for one or two protons, since the proton-radioactivity is also understood on the basis of the models used for α-decay and exotic cluster radioactivity (see e.g. [40] ). Here, we extend the same concept to neutron-clusters also, which seems to work equally well. In the CCM, we calculate the potential energy surface (PES) of a nucleus for its all possible cluster-core (A 2 , A 1 ) configurations and look for a neutron(s)-cluster (or proton(s)-cluster) + core configuration with a minimum potential energy, which in the language of the clusterdecay model (e.g. the Preformed Cluster Model of Gupta et. al. [41, 42, 43, 44] ) means a configuration formed with the largest quantum mechanical probability. Such a picture is consistent with the model of Hansen and Jonson [45] where our cluster-core configuration could be understood as their quasi-deutron picture of 11 Li, approximated as 9 Li core plus a di-neutron consisting of two unbound neutrons. Alternatively, our
cluster-core configurations could be looked upon as few-body configurations of the type used in few-body theoretical calculations [19] . The calculated PES in CCM could also be used for the search of optimum molecular structures, reached in experiments via the break-up reactions [46] .
The potential energy for a cluster-core configuration (A 2 , A 1 ) of a nucleus A (=A 1 + A 2 ; A 1 and A 2 being, respectively, the core and cluster mass numbers) is defined simply as the sum of the two binding energies, the Coulomb repulsion, the additional attraction due to nuclear proximity and the rotational energy due to angular momentum:
Here, B(A i , Z i ) are the experimental binding energies or mass excesses ∆m A = M A −A in energy units [47] (the two quantities differ through a constant since M A (Z, N) = ZM p + NM n − B(Z, N)), V P the nuclear proximity interaction energy [48] and V ℓ the centrifugal potential [49] that pulls the fragments apart. The deformation effects are neglected here in both the Coulomb and proxomity energies, for reasons of simplicity only. These effects are shown to be important for a complete quantitative cluster decay model calculation, specifically the cluster preformation probability [44] . Also, it may be pointed out that here we are using experimental binding energies and hence the microscopic shell effects are there in Eq. (5). However, it will be of interest to see the role of macroscopic liquid drop energy alone for the halo-structure. Like the α-nucleus structure in light-heavy nuclei is due to the Wigner term [50, 51] , the halo-structure in light nuclei at the drip-lines could be due to the surface energy term in the liquid drop formula.
The charges Z i in Eq. (5) are fixed by minimizing the sum of the two binding energies in Z 1 (or Z 2 ). Also, the shape of the potential V (A 1 , A 2 , R, ℓ) is known to be nearly independent of the choice of the value of R. This is shown explicitly in many of our earlier publications (see e.g. in [52] for early works or in [53] for a review).
Therefore, in view of our dealing here with light nuclei, we consider only touching configurations, i.e., R = R 1 + R 2 = R t . In general, we define
i , where R 0 has a constant value (=1.15 fm). This means that R i depend only on A i , i.e., R i (A i ). If we allow surface effects and define the Süssman central radius
However, for halo nuclei R 0 changes considerably from nucleus to nucleus and from one isotope to another isotope. Therefore, we consider R 0 (Z i , A i ) and take (or interpolate) its values for Z ≤ 10 from the experimental [8, 22] or theoretical [54] data and for Z > 10 from the theoretical estimates of [24] . This means, we include the surface effects not only through Süssman central radii but also via the observed isotopic variations of the radii in halo nuclei. For the neutron radius, we approximate it to be the same as the root-mean-square (rms) radius of proton, namely 0.8 fm [22] .
The binding energy for a cluster with x neutrons (x ≥ 1) is taken to be x times that of the one-neutron binding energy (the mass excess ∆m n = 8.0713 MeV), i.e.
(for neutron-clusters)
For proton-clusters, we define the same as
2 , (for proton-clusters) (7) with ∆m p = 7.2880 MeV, the one-proton mass excess (equivalent of the one-proton binding energy), and a c =0.7053 MeV [55] . The additional term in (7) is the disruptive Coulomb energy (= −a c (Z 2 )) between the x protons (here x = A 2 = Z 2 ). The above definitions for the binding energies of n-or p-clusters mean that the nucleons in these clusters are taken to be unbound, just as is the case in the model of Hansen and Jonson [45] , the few-body theories [19] or as is suggested by the recent experiments [11, 12] .
Calculations and results
We have calculated the potential energy surfaces V (A 2 ) for all the neutron-and protonrich nuclei listed in Tables 1 and 2 , by using the experimental binding energies from the 1995 Tables of Audi and Wapstra [47] and
i . Several of the n-halo nuclei listed in Table 1 were already studied in our earlier works [38, 39] , and we discuss here the additional new cases proposed experimentally or theoretically.
We find that all the nuclei considered here in Tables 1 and 2, except 11 N, are stable (Q < 0) against all possible cluster-core (A 2 ,A 1 ) configurations in the ground state. 11 N is unstable against all proton-cluster decays (such clusters are 1p-, 2p-and 3p-clusters). Also, the cluster-core configurations corresponding to the minima in these potential energy surfaces are the most probable cluster-core configurations formed for the cluster-decay process [41, 56] , i.e., they occur with relatively larger preformation probabilities, compared to their neighbors. Of these cluster-core configurations, we are interested here only in the one(s) where a cluster of neutrons (or protons) is involved (the other configurations are also of interest, but more for seeking new magic numbers and molecular structures, etc.). Such a neutron(s) or proton(s) cluster will behave like a n-or p-halo since this is most loosely bound to the core. We find that the nuclei considered here are all either 1nucleon-or 2nucleon-halo nuclei, and we discuss them in the following separately for the two cases of n-and p-halo structures.
For the angular momentum part of the potential, we have considered both the cases of ℓ = 0 and ℓ = 0 (ℓ = 1, 2, 3, chosen arbitrarily). In general, both the positions and depths of potential energy minima in V (A 2 ) are nearly independent of the contribution of the ℓ-dependent term in the potential [49] , but we find that in some cases, like for 11 N, 12 N and 24 O, there is a shift of the minimum to another nucleon-cluster. This point needs further investigation and perhaps refers to the mixed angular momentum and parity states for the ground state configuration [57, 58] . For this reason, in the following, we discuss only the ℓ = 0 configurations. Table 1 lists all the cases of neutron-halo studied here, as well as their one-neutron and two-neutron separation energies, S 1n and S 2n , the configurations with respect to the minimum in the PES calculated with the CCM and the N:Z ratios of the resulting core nuclei. The nuclei studied earlier in [39] are also included here in this table. We find that in agreement with our earlier results of [39] , the cores could be classified mostly as the ones with N=2Z and 2Z ±2 nuclei. This means that nuclei with 2Z ±2 are as stable as the N = 2Z nuclei. The cores with 2Z −3 and 2Z −4 are also predicted by the CCM, but we notice in Table 1 that according to the neutron separation energy hypothesis, there is a question mark with the halo-structure of at least some of these nuclei (see footnotes in Table 1 ); e.g. for 22 O and 24 F both the neutron separation energies S 1n
Neutron-halo nuclei
and S 2n are much larger than ∼1 MeV. The halo nuclei with larger separation energies (>>1 MeV) are perhaps good cases of collective soft dipole excitations, though the same is not realized experimentally as yet [59] . Figure 1 shows the results of our calculation for the four new cases, two each of 1n-and 2n-halo structures. We notice in Fig. 1 (upper frames) and Table 1 (upper part; for the corresponding PES of the earlier studied cases, see Fig. 1 in [39] ) that for all the 1n-halo nuclei, the deepest minimum clearly occurs at the 1n+core configuration.
The minimum in the PES means the most probable n-cluster+core configuration for the nucleus. Apparently, these nuclei can be considered as two-body (n+core) systems [19] . On the other hand, Table 1 shows that the neutron separation energy in all the 1n-halo nuclei is though minimum for S 1n , but is >>1 MeV for some cases ( 22 O, 23 O, 24 O and 24 F ). These are, however, exotic nuclei, lying far from the β-stability line, and hence should be good candidates of halo structure [14, 18, 59, 60] . Figure 1 (lower frames) and Table 1 (lower part) show the results of our calculation for 2n-halo nuclei. In these nuclei, the neutron(s)-cluster minimum in the PES for each case is deepest at the 2n+core configuration and, except for 12 Be and 27 F , the S 2n is also the lowest. For both the 12 Be and 27 F , the lowest neutron separation energy is for one-neutron separation S 1n , whereas the PES for these nuclei show the 2n+core configuration lying clearly lowest (for 12 Be, also both S 1n and S 2n >> 1 MeV). On the other hand, 29 F is clearly a 2n-halo nucleus from the point of view of the separation energy (S 2n is lowest, compared to S 1n and S 3n ) but in the PES, the minima at 3n+ and 4n+core are almost as deep as for the 2n+core configuration (see Fig. 2 [39] ). Hence, 29 F seems to be an isolated n-halo nucleus where neutron-clusters which are more complex than a di-neutron could exist, as was also expected by Migdal [61] . However, we have listed in Table 1 MeV. This nucleus is now a well studied halo-nucleus [10] and is predicted to be a 2n-halo structure in the CCM. The other experimentally observed 6 He, 14 Be and 17 B
are also the well studied structures of 2n-halo nuclei [6, 8, 9] . Three-body (n+n+core) calculations have also been made for some of these nuclei [19, 62, 63] . Table 2 lists all the cases of 1p-, 2p-and possibly 3p-halo nuclei studied here. Figures  2 and 3 present the results of our calculation, respectively, for 1p-and 2p-halo nuclei.
Proton-halo nuclei
11 N, the only case of predicted 3p-halo, is also included amongst the 1p-halo nuclei, since both experiments [23] and proton-separation energy hypothesis characterize it as a 1p-halo structure.
The proton-halo structures are so far observed only in a few cases (4 cases: 8 B, 11 N, 17 F and 17 Ne), because of the suppression of the p-halo cluster minimum in PES by the Coulomb forces; the Coulomb repulsion is zero for neutrons and hence the n-halo configurations lie lower. Once again we discuss here only the case of ℓ = 0, since the ℓ-contribution to both the positions and relative depths of potential energy minima is found small, except for the two 11,12 N nuclei (see Fig. 2 ). The theoretical predictions are based on the shell model [24] and RMF [25] calculations.
For the 2p-halo nuclei, however, our theoretical method of PES disagrees with the proton separation energy hypothesis in more than one way. For 9 C, 18 Ne and 27 S, whereas the proton-separation energy in Table 2 is the lowest for S 1p , the PES in Fig.   3 show clear minima at 2p+core configurations. The shell model [24] and RMF [26] calculations also predict both the 18 Ne and 27 S to be the 2p-halo nuclei. Also, for 18 Ne (and so also for 20 Mg) both S 1p and S 2p are >> 1 MeV. The 20 Mg nucleus, which is a 2p-halo structure on the basis of the PES (Fig. 3) , is a case of special interest. This is predicted as 4 protons circulating the 16 O core on the basis of Coulomb displacement energies [27] . The CCM calculations show that the 4p+core configuration is also one of the possible configurations in V (η Z ) (see inset, Fig. 3 , 20 Mg) but is not the most preferred one (does not lie at the minimum either in V (η Z ) or in V (A 2 )). Also, the RMF calculations for 20 Mg [26] support the 2p-halo configuration, as is predicted by the CCM. The 11 N nucleus is listed in Table 2 as a 1p-or 3p-halo structure. This is a completely unstable nucleus against proton-decays, since Q > 0 for its 1p-, 2p-and 3p-decays. The S 1p is negative and lowest which means that it is a 1p-halo nucleus according to the proton-separation energy hypothesis. The experimental observation of its ground state and excitation spectra also give it a 1p-halo configuration [23] . However, the PES in Fig. 3 present it as a clear 3p-halo structure. Apparently, further measurements and calculations are essential, since as per present calculations this nucleus seems to be the first candidate of a rather more complex p-halo structure.
Finally, the core configurations for p-halo nuclei consist of Z=N or Z=N+1, which means that Z=N+1 core is as stable as the Z=N one. Also, cores with Z=N+2 and N+3 are predicted but these are the cases where the halo structure is still to be confirmed experimentally.
New magic numbers in exotic nuclei
We consider here only the case of 20 Mg, as an illustrative example, and show that N=6
arises as a magic number for the very neutron-deficient, exotic nuclei only. We know that in a potential energy surface, like the ones shown in Figs. 1-3 , the minima arise only due to the shell effects of either one or both the fragments [53, 56] . This means that at the potential energy minima, at least one of the contributing nucleus must be a magic or nearly magic nucleus. In Fig. 3 , the calculated PES for 20 Mg gives four minima, where both the participating nuclei are shown. We notice that for the very neutron-deficient nuclei near the drip-line, like 16 Ne and 14 O, N=6 could be the magic number but for the neutron-deficient nuclei, like 18 Ne, lying not too far from the β-stability line, N=8 is still the magic number. The N=2 and Z=2 magicities seem to be kept as such for both the classes (near and far away from β-stability line) of nuclei. Also, Z=8 seems to remain magic for both kinds of nuclei, since the proton numbers combining with all the N=6 (or its neighboring) nuclei are with Z=8 or its neighbors with Z=8 ±2. This is an interesting result and needs further investigations on the basis of the CCM as well as other methods [60, 64, 65] .
Summary
Summarizing, we have extended the cluster-core model (CCM), given by some of us [38, 39] earlier for (unbound) neutron-clusters, to include also the (unbound) protonclusters. In other words, the cluster-core model could now be used to find, a priori, the halo-structure of any light nucleus approaching the β + -or β − -instability, i.e., the light neutron-and proton-rich nuclei near the neutron-and proton-drip lines. This knowledge is important for building any few-body theory of these weakly bound systems. The CCM is applied to all known cases, experimentally established and/or theoretically proposed as the likely candidates, of neutron-and proton-halos. For proton-halo nuclei, an additional Coulomb energy is found essential for the, otherwise unbound, proton-clusters. In comparison to the only other known hypothesis of neutron (or proton) separation energy, the present model works well without any exception. A theoretical method is in any case preferred over an (empirical) hypothesis and this is the merit of the CCM presented here. The predictions of the two methods (CCM and nucleon separation energy hypothesis) differ in many cases and this is more so for proton-halo nuclei. One such interesting case is of 3p-halo structure predicted by the CCM for a completely proton-unbound 11 N nucleus. 20 Mg is perhaps another interesting nucleus where both S 1p and S 2p are >>1 MeV and the CCM predicts it to be a 2p-halo structure in contradiction to its expected 4p + 16 O configuration.
The calculated potential energy surfaces (PES) in CCM are also useful for searching the possible new magic numbers and optimum molecular structures for exotic nuclei.
Our first analysis of the PES for 20 Mg nucleus allows us to identify N=6 as the possible magic number for very neutron-deficient nuclei near the drip line, though N=8
is still shown to be a magic number for neutron-deficient nuclei not too far from the line of β-stability. Also, Z=N=2 and Z=8 are found to remain magic even for very neutron-deficient nuclei. ) is much larger than ∼1 MeV. a The S 1n -value is lower than the S 2n -value, whereas in the PES the 2n minimum is clearly the lowest. b The S 2n -value is lower and the minimum in PES also lies at 2n+core configuration, though in the PES, for both ℓ = 0 and ℓ = 0 cases, the 2n, 3n and 4n minima are very close to each other. However, the S 3n -value (2206 KeV) is higher than both the S 1n and S 2n energies. Be Z=N * Note that here S 1p is negative, which means a completely unstable system against 1p-decay (Q 1p -value=1.974 MeV). However, the PES prefers a 3p-halo and it is also unstable against 3p-decay (Q 3p -value=2.556 MeV). Also, it is unstable against 2p-decay (Q 2p -value=0.208 MeV). Furthermore, S 3p =1.848 MeV, which means S 3p < S 2p . a Though S 1p < S 2p , the PES suggests this nucleus as 2p-halo. b Both S 1p and S 2p are >>1 MeV. 
